Introduction 25
Tropical coastal waters are characterized by high water temperatures and large 26 summer rainfall events resulting in significant river inflows and associated inputs of 27 nutrients from adjacent rivers. This contributes to high year-round primary 28 production (Longhurst and Pauly 1987) . Development of catchments for agriculture 29 and other human activities has typically reduced or regulated river flows in many 30 rivers, and increased nutrient loads to coastal waters (Carpenter et al. 1998; Beman et 31 al. 2005) . The increase in algal blooms worldwide, including harmful species, and 32 development of dead zones in coastal waters has been attributed to increasing nutrient 33 inputs from catchments (Ferber 2001; Anderson et al. 2002; Chen et al. 2007) . 34
35
Further offshore, many areas of the tropics have low dissolved inorganic nitrogen (N) 36 concentrations and low N:P ratios, resulting in N limitation. In these areas, 37 atmospheric N inputs from cyanobacteria can be an important source of N. The most 38 studied species is the filamentous diazotroph Trichodesmium which can form large 39 surface rafts stretching hundreds of kilometres, adding N to fuel productivity 40 (Westberry and Siegal 2006) . More recently, the importance of other symbiotic and 41 small unicellular cyanobacteria in providing N to tropical food webs has also been 42 established (Carpenter et al. 1999; Zehr et al. 2001; Montoya et al. 2004; Capone et 43 al. 2006) . 44
45
The Gulf of Carpentaria in tropical Australia is a large coastal sea (330,000 km 2 ) 46 surrounded by many large rivers seasonally providing 92,000 GL of water to the Gulf 47 6 50%, 8% and 0% surface light. Samples were incubated on deck for 24 h in a plastic 125 tub with flow-through seawater taken near the surface. Temperature was logged 126 throughout the incubations in an additional bottle using a sensor (ETemperature, On 127
Solutions, Baulkham Hills, Australia). Water subsamples (3 mL) were withdrawn from 128 the bottles into Venoject vials containing 0.2 mL 20% trichloroacetic acid to halt N 129 fixation at 0, 4 and 24 h. Subsamples were stored at 4ºC until analyzed in the 130 laboratory. Gas from the headspace of the vials was injected into a gas chromatograph 131 with a flame ionization detector to determine the ethylene content of the samples. N 132 fixation rates were calculated from the conversion of acetylene to ethylene (Knowles 133 1990 Rates of denitrification were measured in the sediment using the isotope pairing 148 technique (Nielsen 1992) as described by Dalsgaard et al. (2000) . Box cores were 149 taken at 29 sites across the three regions. Four sub-cores (4.8 cm id × 30 cm) were 150 taken from each site such that there was ca. 8 cm of sediment (and would be ca. 151 17 cm of water column during incubation). 152
153
A teflon-coated stirrer bar was then suspended ~5 cm above the sediment. This was 154 driven by an external rotating magnet rotating at 60-70 rpm. Typically core tubes 155 from three consecutive sites were collected and incubated for each batch. Incubation 156 bins were filled with seawater such that the cores were immersed, and allowed to7 equilibrate for 6 h or more. After equilibration, the water level was reduced to below 158 core tube height and experiments commenced with the addition of stock 15 N-nitrate to 159 a concentration of 60 µM. This concentration was assumed to be a saturating 160 concentration based on studies by Cook et al. (2004) . The water in each core was 161 stirred for 20 min and sub-samples taken for the analysis of nitrate in order to 162 calculate the final 15 N enrichment. Cores were then capped with sealed Perspex lids 163 and incubated in the dark in flowing seawater. Cores were sacrificed at 0, 1.4, 2.5, 4.5 164 and 6 h. At each time point, 1 mL of 50% zinc chloride was added to the water 165 overlying the sediment before the sediment was gently slurried with the water column 166 using a metal rod, coarser particles were allowed to settle for about a minute before a 167 subsample was taken using a gas tight syringe. The sample was then placed in a 12.5 168 mL Exetainer (Labco, High Wycombe, UK) to which 250 µL of 50% w/v zinc 169 chloride had been added and stored at 4°C until returned to the laboratory. 170 171 A headspace of helium was introduced into the Exetainer within 2 weeks and the 172 samples were then analyzed within several months. Headspace analysis for 28 N 2 -, 173 29 N 2 -and 30 N 2 -nitrogen gas was carried out by removing a 50μl sample in a gas tight 174 syringe and injecting into a gas chromatograph (5890 Hewlett Packard) in line with an 175 isotope ratio mass spectrometer (Finnigan MAT delta S). A copper reduction column 176 heated to 640°C was used to remove oxygen from the sample, carbon dioxide and 177 water were removed using a liquid N cryotrap. Denitrification rates were calculated 178 according to the isotope pairing equations in Dalsgaard et al. (2000) . isotope ratios for infauna. Whole box core samples were sieved onto a 500 µm sieve 222 with water, and the trapped organisms stored frozen until analysed. In the laboratory, 223 samples were thawed, and infauna separated from remaining sediment/sand particles. 224 Analysis was conducted as described above and mean 13 C-carbon and 15 N-nitrogen 225 ratios for each region were determined. 226
N budget 228
The results of this study were combined with historical data on the oceanography of the 229
Gulf of Carpentaria to generate a N budget for the Gulf of Carpentaria. The area of the 230
Gulf was assumed to be 330,000 km 2 , with an average depth of 43.4 m, resulting in a 231 volume of 1.4 x 10 13 m 3 . The total pools of nitrate and ammonium in the water column 232 of the Gulf were calculated based on concentrations in this as well as previous studies 233
( Rothlisberg et al. 1989; Rothlisberg et al. 1994; Burford and Rothlisberg 1999;  this 234 study). Annual nitrate and ammonium uptake rates by phytoplankton were determined 235 using the 15 N-nitrogen uptake data of Burford and Rothlisberg (1999) . Annual areal N 236 fixation by Trichodesmium was determined using the depth-integrated N fixation rates 237 for a Trichodesmium bloom measured in this study, and assuming a bloom depth of 1 m. 238
The calculated rates were within the range determined by Capone et al. (2005) for the 239 northern Atlantic Ocean. It was assumed that Trichodesmium was fixing N at the 240 calculated rates a third of a year, based on a previous study of the relative abundance of 241
Trichodesmium in the Gulf (Burford et al. 1995) . 242 243 Annual N fixation rates in the seagrass beds were determined by Moriarty et al. (1990) . 244
A spatial coverage of seagrass of 52,000 ha was used based on Roelofs et al. (2005) . 245
Annual denitrification rates were determined based on this study. River inflows were 246 based on multiplying by total N concentrations in the water column for the Embley, 247
Flinders, Norman and Gregory Rivers (20.7, 66.2, 24.0 and 21.7 µM N respectively, M. 248 Burford, unpubl. data) by the annual river flow volumes (www.nrw.qld.gov.au/) for 249 those rivers (A. Brooks, unpubl. data) . For the other 25 largest rivers in the Gulf, a 250 mean total N concentration based on the other four rivers was used. All loads were 251 summed to give a total river N input to the Gulf. while the molar C:N ratios were between 3 and 5 (Fig. 3) . These values were 275 compared with a previous Gulf voyage in January 2004 when no Trichodesmium 276 bloom was apparent. The δ 15 N ratio at a range of sites was substantially higher, 5 to 277 6.5 ‰, as was the C:N ratio (6.5 to 9). The data from this study were combined with data from previous studies in the Gulf to 295 produce a Gulf-wide N budget (Table 3 ). The nitrate pool in the Gulf was higher than 296 the ammonium pool, 75 Mt compared with 24 Mt, with nitrate taken up more rapidly 297 by phytoplankton than ammonium (Table 3) water from east to west in the Gulf, with water ultimately entering the western 343 Arafura Sea, rather than mixing with the central Gulf. The coastal area of the Gulf is 344 dominated by vast highly productive seagrass beds (Moriarty et al. 1990; Roelofs et 345 al. 2005) . These provide an important food source for biota, including commercially 346 important shrimp species (Loneragan et al. 1997) . Estimated river N inputs were 347 comparable with N fixation in the seagrass beds (Moriarty and O'Donohue 1993) 348 suggesting that these inputs may provide an important source to fuel seagrass and 349 epiphyte production. 350
351
Although N from river sources may be important to coastal production, the presence 352 of the coastal boundary current means that it is likely that little of this source of N is 353 likely to reach the deeper waters of the Gulf. Previous studies have not tracked 354 riverine N offshore, but studies of δ 13 C ratios in particulate organic matter throughout 355 13 the deeper waters of Gulf which found no evidence of a terrestrial signal (Rothlisberg 356 et al. 1994; Burford, unpubl. data) . Additionally, a study of food sources for estuarine 357 shrimp in the Gulf showed no evidence that mangrove and terrestrial carbon exported 358 from estuaries contributing to offshore food webs (Loneragan et al. 1997) . 359
N fixation 361
This study has shown that N fixation can be a significant process in the Gulf, as 362 demonstrated by measurement of high rates of fixation and the depleted δ 15 N ratios in 363 the particulate matter in the water column during a Trichodesmium bloom. Previous 364 studies in the Gulf have shown the net phytoplankton community is comprised 365 principally of the N-fixing cyanobacteria Trichodesmium and large diatoms 366 (Hallegraeff and Jeffrey 1984; Rothlisberg et al. 1994; Burford et al. 1995) , and that 367 primary productivity rates are relatively high, particularly in summer months (Motoda 368 et al. 1978; Rothlisberg et al. 1994; Burford et al. 1999) . Previous work has also 369 shown that chlorophyll a concentrations are higher in summer than winter but only in 370 inshore regions (Burford et al. 1995) . Further offshore, chlorophyll a remains similar 371 year-round, typically less than <1 µg L -1 . Trichodesmium is numerically most 372 dominant in the summer months when stratification occurs (Burford et al. 1995) . 373
374
Conservative assumptions about the annual rates of N fixation from data in our study 375 were made based on the information in seasonal abundance (Burford et al. 1995) . 376
Rates of N fixation measured in February/March 2005 during a Trichodesmium bloom 377 (3,400 trichomes L -1 in surface waters) were comparable with those in other tropical 378 waters (Capone et al. 2005) . More recently, Trichodesmium has been shown to be 379 more abundant at depth than previously thought due to sampling artefacts (Davis and 380
McGillicuddy 2006). Therefore it is likely that rates may be significantly higher than 381 previously thought. In contrast with some other tropical areas, the main factor likely 382 to be limiting Trichodesmium growth in the Gulf of Carpentaria is iron rather than 383 phosphorus availability (Sohm et al. 2006 (Sohm et al. , 2008 . Aeolian dust from central Australia 384 has been shown to provide an important source of iron for diazotrophs in Australian 385 coastal waters (Shaw et al. 2008) . 386 387 14
The rates of N fixation for the Gulf do not take into account the role of N-fixing 388 symbiotic cyanobacteria typically associated with diatoms, and small unicellular 389 cyanobacteria which have recently been shown to contribute significantly to global N 390 fixation rates (Carpenter et al. 1999; Zehr et al. 2001; Montoya et al. 2004; Capone et 391 al. 2006) . Previous studies in the Gulf have shown that diatoms with symbionts are 392 numerically dominant, e.g. Rhizosolenia with Richelia (Burford et al. 1995). 393 Therefore, N inputs from fixation are likely to be higher than the estimates calculated 394 from this study. Trichodesmium blooms (Capone et al. 1998; Knapp et al. 2005) . Infaunal δ 15 N ratios 408
were not depleted during this time, suggesting that detrital material from the bloom 409 was not substantially grazed by infauna and is therefore likely to be subject to 410 microbial degradation. 411 412 During periods of water column stratification, particularly during summer months 413 when wind mixing is low, nitrate can be higher in bottom waters (Rothlisberg et al. 414 1989; Rothlisberg et al. 1994; this study) . This suggests that nitrification is occurring 415 in or near the sediment. It is likely that deposition of N-rich cyanobacterial detritus 416 generated from N fixation is an important source of N fuelling these bacterial 417 processes. During winter months when the wind strength increases, the water column 
